[1] In situ measurements of formaldehyde (CH 2 O) onboard four European research aircraft in August 2006 as part of the African Monsoon Multidisciplinary Analysis (AMMA) experiment in West Africa are used (1) to examine the redistribution of CH 2 O by mesoscale convective systems (MCS) in the tropical upper troposphere (UT), (2) to evaluate the scavenging efficiency (SE) of CH 2 O by MCS and (3) to quantify the impact of CH 2 O on UT photooxidant production downwind of MCS. The intercomparison of CH 2 O measurements is first tested, providing a unique and consistent 3-D-spatially resolved CH 2 O database in background and convective conditions. While carbon monoxide (CO) is vertically uplifted by deep convection up to 12 km, CH 2 O is also affected by cloud processing as seen from its ratio relative to CO with altitude. A new observation-based model is established to quantify the SE of CH 2 O. This model shows that convective entrainment of free tropospheric air cannot be neglected since it contributes to 40% of the convective UT air. For the 4 studied MCS, SE shows a large variability within a 4% to 39% range at a relative standard deviation of 30%, which is consistent with MCS features. A time-dependent photochemical box model is applied to convective UT air. After convection, 60% of CH 2 O is due to its photochemical production rather than to its direct transport. Model results indicate that CH 2 O directly injected by convection does not impact ozone and HOx production in the tropical UT of West Africa. NOx and anthropogenic hydrocarbon precursors dominate the secondary production of CH 2 O, ozone and HOx.
Introduction
[2] Deep convection in the tropics plays a key role in determining the global atmospheric composition of the upper troposphere (UT) by the fast uplift of HOx radicals and ozone precursors from lower altitudes. However, the chemical consequences of deep convective systems are still uncertain. From an ensemble of 26 global atmospheric chemistry models, Stevenson et al. [2006] shows that the largest variability of the simulated ozone burden is in the tropics. The authors identify the representation of tropical deep convection as a major source of uncertainty in the models together with the isoprene emissions and chemistry, stratosphere-troposphere exchange and biomass burning emissions. Martin et al. [2002] also emphasizes the role of lightning NOx (nitrogen oxides) source associated with convection in the formation of the persistent southern tropical zonal wave-one pattern in total tropospheric ozone column. Overall, these studies suggest the complex coupling between dynamics and chemistry in convective processes and the limitations of its treatment in global chemistry models. More recently, Tost et al. [2010] pointed out the parameterization of deep convection as the main source of uncertainty in determining the sign and magnitude of ozone production in convective regions by global models. Indeed, not only moisture and energy are redistributed throughout the tropospheric column by deep convection but also chemical constituents of atmospheric interest. For instance, sensitivity studies to the convective transport of ozone and ozone precursors (Volatile Organic Compounds -VOC -and NOx) have shown the potential for both enhancement [Lawrence et al., 2003] and reduction of ozone [Doherty et al., 2005; Lelieveld and Crutzen, 1994] in the upper troposphere. The effect of deep convective transport on the redistribution of gaseous ozone precursors not only depends on dynamics but also on gas-phase and multiphase chemistry due to the presence of ice and water and cloud microphysics. In particular, chemistry and cloud microphysics affect the fate of soluble and chemically reactive ozone precursors such as formaldehyde (CH 2 O). When simulating the redistribution of CH 2 O within the anvil of a continental thunderstorm, results from various cloud-resolving models show dramatic differences in CH 2 O mixing ratios up to a factor of 10 [Barth et al., 2007b] .
[3] Formaldehyde is a key intermediate produced during photochemical oxidation of VOC in the troposphere. It can also be emitted directly into the troposphere by biomass burning, incomplete combustion and by vegetation [Carlier et al., 1986, and references therein] . Together with hydrogen peroxide (H 2 O 2 ) and methyl hydroperoxide (CH 3 OOH), photolysis of secondary CH 2 O (e.g., from acetone photolysis) is an important source of HOx in the UT [Jaeglé et al., 1997; McKeen et al., 1997; Cohan et al., 1999; Folkins and Chatfield, 2000] . In the convectively influenced air in the UT, excess formaldehyde (i.e., higher than background concentrations) can be either directly transported from lower altitudes or be produced via the injection of precursors such as non-methane hydrocarbons (NMHC) [Fried et al., 2008b] . Global modeling studies indicate that the impact of convected CH 2 O on UT HOx is spatially variable. While the convective injection of peroxides is the dominant source of HOx over tropical oceans [Prather and Jacob, 1997; Jaeglé et al., 1997] , convected aldehydes dominate over the continent [Müller and Brasseur, 1999] . However, these theoretical calculations suffer from a lack of observations, and uncertainties regarding convection characteristics. As ozone production in the UT is almost directly proportional to the HOx mixing ratios [Jaeglé et al., 1998; Müller and Brasseur, 1999] , a comprehensive knowledge of upper tropospheric CH 2 O sources is thus essential for understanding UT ozone in the tropics. Measurements of CH 2 O in the UT impacted by convection, together with H 2 O and CH 3 OOH, have been acquired and examined over the last decade in different regions of the world: tropical Pacific during PEM-Tropics B [Raper et al., 2001; Ravetta et al., 2001; Mari et al., 2002] , Mediterranean basin during MINOS [Lelieveld et al., 2002; Kormann et al., 2003] , central Europe during UTOPIHAN [Colomb et al., 2006; Stickler et al., 2006] and North America and North Atlantic during INTEX-NA [Fried et al., 2008a] . There is however a paucity of similar measurements and analyses over tropical continental regions associated with deep convective events.
[4] Continental West Africa encompasses a large domain and has south-north landscape gradient with sharp transitions from ocean to forest and from forest to desert at around 6 N and 12 N, respectively [Janicot et al., 2008] . The West African Monsoon (WAM) is characterized by convective activity as a result of the abrupt change in atmospheric circulation relative to the ITCZ (Intertropical Convergence Zone) position between June and July. Deep convection during the WAM season occurs in relatively large organized westward propagating systems known as mesoscale convective system (MCS) [Lafore et al., 2011] . MCSs over West Africa have a well-defined structure that can be maintained while they propagate. A common feature is the well-marked stratiform structure of the precipitating trailing anvil cloud, which contrasts with the convective structure of the leading edge [Houze, 1989; Chong, 2011] . Over West Africa, ozone precursors are mainly emitted from soils and vegetation [Guenther et al., 1995; Serça et al., 1998 ] and urban areas [Minga et al., 2010] . When these emissions are co-located with MCSs, emitted gases (carbon monoxide -CO -, NMHC) and aerosols can be transported quickly and efficiently to the upper troposphere by convective updraft. This transport modifies the UT mixing ratios of ozone and other trace gases [Ancellet et al., 2009; Saunois et al., 2009; Law et al., 2010; Bechara et al., 2010; Huntrieser et al., 2011] , water vapor availability [Homan et al., 2010] and aerosol concentrations [Borrmann et al., 2010] .
[5] The goal of this study is to examine the redistribution of formaldehyde by MCS developing over West Africa, to quantify their transport efficiency on formaldehyde into the tropical UT and to determine the relative importance of UT formaldehyde sources on photooxidant production downwind of MCS. This work combines observations and 0-D photochemical box modeling. Observations were collected over West Africa during the monsoon period (July-August 2006) as part of the African Monsoon Multidisciplinary Analysis (AMMA) experiment. Airborne observations of formaldehyde were collected at various altitudes from 0 to 12 km and under various conditions (background and convective).
Methodology
2.1. Overview of the AMMA SOP2-a2 Airborne Campaign
[6] AMMA is an international program designed to improve the understanding of the monsoon variability and its consequences on the environment and population in West Africa at daily to-interannual timescales [Redelsperger et al., 2006] . AMMA was divided into several special observation periods (SOPs) including the Peak-Monsoon SOP (#2-a2) associated with convective activity. Four aircraft platforms were deployed during SOP2-a2 from July 25th to August 31st 2006. Two French aircraft, the ATR-42 and the French F-Falcon-20 operated by SAFIRE, as well as the UK BAe-146 operated by FAAM, were based in Niamey (Niger). The German D-Falcon-20 operated by DLR was based in Ouagadougou (Burkina Faso). Given the complementary performances of the aircraft (altitude and radius range), their deployment aimed to obtain a full description of the composition of the West African troposphere under undisturbed and convective conditions. The four aircraft equipped with formaldehyde instruments on-board were deployed throughout a large 3-D-domain (long.: À8 E-5 W, lat. 4 N-20 N, alt.: 0-12 km) (Figure 1 ).
[7] The airborne strategy consisted of sampling the MCS inflow and outflow by exploring the boundary layer composition (ATR-42 and BAe-146) and performing anvil transects at various distances from the MCS core . A total of 55 flights (more than 150 h) of, at least, three hours each were performed. At the same time, an important monitoring network at the surface complemented the aircraft instrumental setup. In particular, this network included high-time-resolution surface rainfall gauges and two C-band Doppler radars. These sensors will be further discussed in section 5.5. as these data will support the interpretation of the estimated scavenging efficiency of CH 2 O.
Airborne Instrumentation
[8] The core instrumentation on-board the 4 aircraft, including formaldehyde and inorganic trace gases measurements (CO and ozone), is described in detail in the supplementary material of Reeves et al. [2010] . Only the principles and performances of airborne formaldehyde measurements are reported here.
AMOVOC Technique on the ATR-42 and F-Falcon20
[9] AMOVOC (Airborne Measurements of Volatile Organic Compounds) operated by the LISA group, is an offline automatic sampler designed to collect a wide range of VOC on various trapping devices at constant temperature: solid sorbent tubes and a liquid glass coil scrubber. Sampling and analysis by AMOVOC and its aircraft integration have been already described by Bechara et al. [2008] . During AMMA, two AMOVOC were simultaneously deployed on both French aircraft for C4-C9 NMHC and CH 2 O sampling at 10-min-time intervals and 20 C-regulated temperature. The detection limits (DL) for NMHC were less than 10 ppt and the precision was lower than 24%. In parallel, CH 2 O was first collected in a liquid coil scrubber at an airflow of 2L.min À1 in an aqueous 2,4-dinitrophenylhydrazine (DNPH) acidified solution. Liquid samples were collected in 3 mL-vials. Analysis was performed at the laboratory by High Performance Liquid Chromatography-UV visible at 380 nm (Waters). The scavenging efficiency of formaldehyde at 20 C was estimated to be 84%. The method was successfully adapted from Lee et al. [1996] with the same performances. Although O 3 could affect these results due to the absence of an O 3 scrubber in the inlet, Gilpin et al. [1997] and Fried et al. [2002] showed excellent agreement of this approach with tunable diode laser absorption spectroscopic (TDLAS) measurements in the presence of ambient O 3 levels.
Hantzsch Reaction Technique on the BAe-146 and D-Falcon20
[10] Both of the CH 2 O instruments operated by the UEA and DLR groups on board the BAe-146 and D-Falcon-20, respectively, employed the fluorimetric Hantzsch reaction in the liquid phase. The CH 2 O instruments were described previously by Still et al. [2006] , Cárdenas et al. [2000] and Junkermann and Burger [2006] . On the BAe-146, the instrument had a DL of 54 pptv for 3 min-averaged data. On the D-Falcon-20, the instrument (Aerolaser AL4021) had a precision and accuracy of 10% and 20%, respectively, for 60 s-averaged data. The DL was 50 pptv . Gilpin et al. [1997] showed excellent agreement in ambient CH 2 O measurements acquired in Boulder, Colorado, with this technique compared to TDLAS when the Hantzsch measurements were normalized to the TDLAS standards.
Chemical Box Model
[11] The evolution of the chemical composition of the convective outflow plume in the UT is simulated by a 0-D photochemical box model that incorporates the Master Chemical Mechanism -version 3 (MCM v3.1) Jenkin et al., 2003] . The model developed here consists of a box representing the convective outflow plume. The model calculates the production and loss over time of O 3 , CO, NOx (NO and NO 2 ), NOy, HOx and VOCs (including formaldehyde). The dilution of the plume is treated as a first order process of constant rate. The expansion of the convective box leads to the injection of species from the background UT into the convective box. The estimation of the dilution rate is constrained from the airborne observations of an inert tracer (here, CO) and is discussed in section 6.1.1.
[12] In this study, an average convective case is considered. The duration of the simulation is set to 3 days. The model is initialized with mean airborne observations and physico-chemical conditions of the West Africa UT during the AMMA SOP2-a2 at 13 N and at 12 km altitude, which is the mean altitude of MCS outflow flights. Meteorological parameters are the averages of those observed by the UT Falcon-20 flights during SOP2-a2. Temperature and relative humidity are fixed to 223 K and 70%, respectively. Photolysis constants are calculated with an external module (Tropospheric Visible Ultraviolet model) [Madronich and Flocke, 1998 ]. The different scenarios and the initial conditions of the composition of the convective and background UT will be discussed in more details in section 6.
Construction of the CH 2 O Database
[13] Measurements of CH 2 O at low ppb levels remain challenging. While past intercomparisons at ground level revealed fair consistency between state-of-the-art instruments (incl. Hantzsch fluorimetric technique) [Hak et al., 2005 , and references therein], the presence of humidity and ozone may cause important biases [Wisthaler et al., 2008] . Thus, a thorough verification of CH 2 O measurements is systematically needed to support data interpretation, especially with regard to airborne measurements for which the quantitative transfer of CH 2 O through the inlet is another critical issue [Wert et al., 2003] . During the AMMA SOP2-a2, CH 2 O measurements were performed onboard 4 different platforms, using two different techniques and operated by three different groups. It was therefore crucial to compare the different CH 2 O data sets from the different instruments to ensure their consistency. Intercomparison flights took place on August 16th 2006 as described in Appendix A of the overview by Reeves et al. [2010] . However, testing the consistency of the CH 2 O data set was limited to the BAe-146 and D-Falcon20 at only two flight levels: FL100 (697 hPa) and FL190 (485 hPa). Therefore, it was decided, in this study, to extend the intercomparison to the scientific flights.
[14] The challenge here was to identify photochemically equivalent situations for which the CH 2 O data set could be compared given the lack of temporally coincident CH 2 O measurements and the spatial and temporal variability of CH 2 O concentrations. During AMMA, the distribution of CH 2 O concentrations could be influenced by: the northsouth gradient of surface emissions of CH 2 O and its VOC precursors [Bechara et al., 2010; Murphy et al., 2010] , the long range transport of air masses influenced by biomass burning from the Southern Hemisphere [Mari et al., 2008] , the vertical distance from primary sources, and the environmental conditions (sunlight radiation, temperature and relative humidity) affecting its lifetime and gas-liquid partitioning. First, CH 2 O data were divided into 1 -latitude Â 500 m-altitude bins. Three zones, related to aircraft pairs, were identified but only one zone (12) (13) N latitude by 0-6.5 km altitude) is reported here as no photochemically equivalent situations were found for the two other zones. Then, in each zone, the statistical equivalence of the means of some physico-chemical tracers was tested by a multistep hypothesis test procedure [Shapiro and Wilk, 1965] . The goal is to isolate photochemically equivalent bins suitable to test the equivalence of CH 2 O observation means. This procedure includes normality test, variance test (Snedecor) and mean test (Student or Welch) . If the means of CH 2 O data are found to be equivalent in all photochemically equivalent bins, then all the CH 2 O data from both aircraft are comparable: they can be combined into a single data set. Measurements of the physico-chemical tracers have to be redundant and comparable on the four platforms. These tracers are: CO, a primary combustion product which is a tracer of anthropogenic and biomass burning emissions, ozone, a secondary product which is a tracer of photochemical processing and relative humidity (RH) as an indicator of cloud presence. Together, these tracers reflect the history of air masses: emissions, photochemical processing and convective cloud influence. Radiation and temperature conditions, typical of the wet monsoon period, did not change from one day to another. Only data collected between 8:00 and 18:00 LT were considered in the test. The number of data points per bin had to be higher than 9 to proceed to the multistep hypothesis test procedure (criteria for Welch test application).
[15] Results are provided in Figure 2 for zone 1. The vertical profiles of CO and ozone follow an opposite trend as already described by Reeves et al. [2010] and Bechara et al. [2010] . While the vertical profiles of CO and ozone overlap quite well for the BAe-146 and D-Falcon20, the multistep hypothesis test procedure was applied to test the normality and equivalence of the pairs of data for each altitude bin. CO and ozone are found to be equivalent for only 4 altitude bins in zone 1. Formaldehyde mixing ratios were then statistically compared for each of the four bins by applying the multistep hypothesis test procedure: they were found to be equivalent.
[16] Finally, only formaldehyde data collected on-board the BAe-146 and D-Falcon20 can be combined into a single and unified data set for further analysis. The multistep hypothesis step procedure has shown their statistical equivalence while no conclusion could be made on the statistical equivalence of formaldehyde for the French platforms (ATR42 and F-Falcon20).
Vertical Profile of CH 2 O Over West Africa During the WAM Season
[17] The vertical distribution of formaldehyde mixing ratios is shown in Figure 3a and compared with the one of CO. In the boundary layer, both compounds show great variability as they are influenced by the north-south gradient of surface emissions over a 10 latitude range [Murphy et al., 2010; Reeves et al., 2010] . Below 8 km, CO and formaldehyde mixing ratios both decrease with altitude. Above 8 km, CO shows the "C-shaped" profile signature of deep convective transport [Blake et al., 1996; Bechara et al., 2010; Reeves et al., 2010] which uplifts gaseous trace gases from the lower troposphere to the upper troposphere (12 km). Unlike CO, formaldehyde does not show this "C-shaped" profile: its altitude profile is fairly constant from 8 to 12 km.
[ 18 [CO] both increase with altitude. This lower value at higher altitudes is the result of an enrichment of the upper troposphere in favor of CO rather than formaldehyde due to convective transport. In particular, this reflects the additional effect of cloud processing during the convective transport of CH 2 O compared with CO. Its relative importance will be discussed in detail in the following section.
Transport Efficiency of Formaldehyde
[19] The objective here is to evaluate the relative importance of the processes affecting formaldehyde concentrations during its transport to the UT and especially its loss by wet scavenging.
Methods
[20] The method commonly used to estimate the scavenging efficiency is based on observations and was first proposed by Cohan et al. [1999] . This two-componentmixture model considers the mixing ratio of a non-soluble species X in the convective UT as a function of its boundary layer mixing ratio and UT background mixing ratio. This approach was supported by Bechara et al. [2010] who showed that the observed chemical composition of MCS outflow over West Africa was dependent on surface emission composition. This model gives:
where X CONV (respectively X BL and X UT ) is the mixing ratio of the non-soluble species in the convective outflow (respectively in the boundary layer and in the upper troposphere). b represents the fraction of the boundary layer air present in fresh convective UT air. For a soluble species Y, equation (1) becomes:
where Y CONV (respectively Y BL and Y UT ) is the mixing ratio of the soluble species in the convective outflow (respectively in the boundary layer and in the upper troposphere). SE stands for the scavenging efficiency and is species-dependent. From (2), SE can be written as:
[21] While this model has been used in recent studies [Stickler et al., 2006; Bertram et al., 2007; Bechara et al., 2010] , other studies suggest that entrainment and detrainment from intermediate layers and beyond cannot be neglected [Prather and Jacob, 1997; Mari et al., 2000; Lopez et al., 2006; Barthe et al., 2011] . To account for and test the contribution of entrainment and detrainment processes, a new three-component mixture model was defined, which considers the new potential reservoir of species at intermediate levels in the troposphere. Given b, the fraction of boundary layer air, and a, the fraction of mid-level free tropospheric air entrained in the cloud, the equation of the non-soluble species X transported by deep convection is:
with b + a ≤ 1.
[22] Similarly to the two-component mixture model, the scavenging efficiency of a soluble species Y can be derived from:
[23] To determine SE, one has first to evaluate the a and b fractions.
Hypothesis and Uncertainties
[24] Equations (3) and (5) imply that the scavenging efficiency is only driven by dynamics (entrainment and detrainment), microphysical processes (condensate profile) and the ability of formaldehyde to be incorporated into cloud droplets. The latter includes the mass transfer from the gas to the aqueous phase and aqueous chemical reactions. After dissolution, formaldehyde almost immediately hydrates to form a gem diol (CH 2 (OH) 2 ), which rapidly reacts with the OH radical [Lelieveld and Crutzen, 1991] . In other words, both models rely on the assumption that gas-phase chemistry, particularly secondary photochemical production, during vertical transport can be neglected. Here, we propose to discuss this assumption regarding its three major photochemical depletion and formation processes: photodissociation, oxidation by the OH radical and secondary production by its NMHC precursors. In particular, the lifetime of formaldehyde is estimated and compared with the convective transport timescale of 25 AE 10 min determined by Bechara et al. [2010] for MCS over West Africa.
[25] CH 2 O photodissociation. photolysis frequency depends on the actinic flux that increases with altitude and is affected in different ways within and below the cloud due to the combined effect of backscattering and diffusion [Lelieveld and Crutzen, 1991] . Here, we estimate the photolysis frequency of formaldehyde, j(CH 2 O). Only the photolysis frequency of NO 2 , j(NO 2 ), was available on-board the BAe-146 [Monks et al., 2004] . Following Kraus and Hofzumahaus [1998] , the photolysis frequency of formaldehyde is estimated from its linear relationship with j(NO 2 ) derived from actinic flux data measured from an airborne spectroradiometer, AFSR, under various atmospheric conditions [Stark et al., 2007] . From this linear fit, j(NO 2 ) from the BAe-146 is converted into j(CH 2 O). The BAe-146 flight of August 17th 2006 provides a representative picture of the variability and magnitude of j(NO 2 ) at altitudes up to 8 km, inside and outside the cloud. Within the cloud, j(NO 2 ) decreases to 4 Â 10 À3 s À1 , an order of magnitude lower than its average value in clear sky conditions (1.5-2.0 Â 10 À2 s À1 ). Therefore, j(CH 2 O) within the cloud can be estimated to roughly equal 3.6 Â 10 À5 s À1 , which corresponds to a photolysis lifetime (t photolysis ) of 7.8 h. Given the definition of lifetime, no more than 2% of CH 2 O is photolyzed during its vertical transport. As a consequence, the assumption of no CH 2 O photodissociation during its convective transport from the boundary layer to the UT sounds reasonable.
[26] Gas-phase oxidation of CH 2 O by OH. OH mixing ratios are highly variable in time and space during the WAM season as seen from its measurements on-board the BAe-146 [Commane et al., 2010] . However, its median mixing ratio is relatively constant with altitude: 0.2 ppt (5 Â 10 6 molecules. cm À3 ) in clear sky conditions. The highest mixing ratio observed between the top of the boundary layer and 12 km is 0.6 ppt (1.5 Â 10 7 molecules.cm À3 ). Given the rate constant of 8.5 Â 10 À12 cm 3 .molecule À1 .s À1 in the 220 K-298 K range [Sander et al., 2011] and an OH mixing ratio of 1.5 Â 10 7 molecules.cm À3 , the lifetime of formaldehyde due to OH oxidation (t OH ) is 2 h. Considering the efficient uptake of OH onto cloud droplets, t OH should be seen as a lower limit within and below the cloud. Indeed, cloud chemistry models [Lelieveld and Crutzen, 1994] and field observations [Mauldin et al., 1997] found that gas-phase OH concentrations in cloud can be depleted by a factor 2 to 3 relative to clear-sky conditions. Therefore, the estimated t OH is expected to be 2 to 3 times higher (4 to 6 h). Given the definition of lifetime, no more than 4% of CH 2 O is oxidized by OH during its vertical transport. As a consequence, the gas-phase oxidation of formaldehyde by OH can be neglected during convective transport.
[27] Secondary production of CH 2 O by NMHC precursors. Bechara et al. [2010] showed the efficiency of MCS in the vertical transport of NMHC precursors to the UT. Here, the oxidation of isoprene, the main precursor of secondary formaldehyde, is considered during convective transport. To estimate the concentration of formaldehyde attributable to isoprene photooxidation (CH 2 O isoprene ) the method described by Duane et al. [2002] is applied:
where 0.61 is the mean fractional yield of CH 2 O from the first oxidation stage of isoprene reported by Sprengnether et al. [2002, and reference therein] and Disoprene is the concentration of isoprene that is lost through reaction during its transport. This calculation assumes that all the CH 2 O formed from isoprene oxidation reaches the UT.
where b and a are the respective fraction of isoprene transported from the boundary layer and free troposphere as described in section 5.1., isoprene BL(FT) is the initial concentration of isoprene in the boundary layer (free troposphere) and isoprene conv is the final concentration of isoprene after convective transport.
[28] Isoprene BL(FT) is derived from Murphy et al. [2010] for the Niamey region (0.067 ppb) and the tropical mosaïc forest region (0.604 ppb). Isoprene conv can be deduced from the following photochemical equation:
where k OH of isoprene equals 100 Â 10 À12 cm 3 .molecule À1 . s À1 at 298 K [Atkinson, 2000] , t is the duration of convective transport (25 min).
[29] By combining equations (7) and (8), Disoprene can be expressed as:
[30] By combining equations (6) and (9), CH 2 O isoprene is estimated to be 13% and 33% of CH 2 O transported by convection for the Niamey region and for the tropical forest region, respectively. For a transport time scale of 25 min, the secondary production of formaldehyde by isoprene cannot be neglected. Both values of CH 2 O isoprene provide upper limits to the secondary production of formaldehyde as the OH mixing ratio was taken in clear sky conditions.
[31] Finally, the photochemical production of CH 2 O during convective transport over regions influenced by biogenic emissions can be significant while its photochemical depletion is small (<6%). This secondary production term is the main source of uncertainty in the estimation of SE as it affects the Y CONV term in equations (3) and (5). The uncertainty on SE calculation is therefore set to AE30%.
Calculation of the b and a Fractions
[32] Equation (4) can be constrained, at least, with the observed mixing ratios of CO and VOCs. Ideally, a case-bycase calculation should be carried out to take into account the variability of entrainment and detrainment processes. However, the vertical profiles of VOCs throughout the 12-km column are only available on-board the two French aircraft, the ATR-42 and the F-Falcon-20 [Bechara et al., 2010] , which did not fly at the same time. Consequently, average observations from the MCS flights performed by the French aircraft are considered, including the one on August 15th 2006 retained as a case study in section 5.4. Here a third variable is introduced, d, which corresponds to the detrainment term in equation (4) with d = b + a. The equation to be solved becomes:
[33] Airborne observations of CO, benzene and toluene are used (Table 1) Figure 9 in Barthe et al. [2011] , one can deduce the relative contribution of the boundary layer tracer between 0 and 2 km (named TR1 in the cited paper) and the free troposphere tracers (sum of the named TR2, TR3 and TR4 in the cited paper) to the mixing ratio in the upper troposphere. In the model, the initial background values of the idealized tracers were set to zero. Therefore, equation (10) can be simplified to:
[34] Input data and results of the b, a and d calculation are reported in Table 1 . Airborne observations yield b = 0.50 and a = 0.41 while the model predicts a total contribution of free tropospheric tracers a MODEL of 0.45 and a contribution of the boundary layer tracer b MODEL of 0.35. Moreover, the detrainment term d differs from the sum b + a by only 3%, indicating the mutual consistency of the estimated parameters. Finally, both model and observations show that the fraction of free tropospheric mid-level air present in the fresh convective outflow is close to 40-50% and cannot be neglected in the calculation of scavenging efficiency.
Case Studies
[35] To evaluate the SE of CH 2 O, one has to establish a set of representative conditions to determine the four terms: Y CONV, Y FT , Y UT and Y BL in equation (5) where Y is the mixing ratio of formaldehyde.
[36] Y CONV and Y UT . To minimize the secondary production of CH 2 O downwind of MCS, we only consider the flight tracks of the D-Falcon20 above 10 km altitude and at the edge of the MCS to determine Y CONV . This is done by superimposing flight tracks on Meteosat-IR images. This analysis combines time series of several trace gases, including CH 2 O as well as NO (nitrogen monoxide) and CO. The concomitant increase of NO and CO mixing ratios in the UT indicates the influence of fresh convection. From this analysis, four flights are retained for determining Y CONV : August 6th (decaying MCS over Burkina Faso), August 7th (large MCS over Mali), and two flights on August 15th (decaying MCS west of Niamey and an MCS over Benin). Flight tracks, satellite images and two time series data are reported in Figure 4 . As an example, for the flight on August 7th, the X CONV term is determined for the time period 1:40-2:15 UTC when NO and CO mixing ratios both show a sharp increase.
[37] The examination of Meteosat-IR images and time series of trace gases shows that the UT sampled by the DFalcon20 is influenced by convection most of the time, except on August 13th (decaying small thunderstorm over Burkina and further south) (Figure 4) . During this flight, the time series of NO and CO mixing ratios suggest the influence of convection on UT air excepted during the period around 11:30 UTC when the distance to the convective region and the low mixing ratios of trace gases point to background conditions. This period of background conditions is used to determine Y UT . The derived mixing ratio of 0.17 AE 0.08 ppb for formaldehyde is in agreement with previous values reported for the non-influenced free and upper troposphere by convection (0.165 ppbv by Fried et al. [2008b] ).
[38] Y FT . We combine and average formaldehyde observations from the D-Falcon20 for each of the four flights and BAe-146 for the same latitude-longitude area between 2 and 8 km as there were no-time coincident flights for the two aircraft.
[39] Y BL . Since Y BL represents the mixing ratios of the MCS inflow, we determine Y BL by averaging formaldehyde observations from the BAe-146 flights in the troposphere below 2 km altitude, at the same time of the day and in the area of the MCS passage.
Scavenging Efficiency of CH 2 O: Results and Discussion
[40] The results of the scavenging efficiency (SE) calculations from equations (3) and (5) are reported in Table 2 for the four MCS case studies. The Coefficient Enhancement Factors (CEF) of formaldehyde are also reported: they represent the ratio of the formaldehyde mixing ratio in the convective UT to the one in the background UT [Mari et al., 2000] . While part of formaldehyde is scavenged during convective transport, all CEF values, which are greater than 1.5, highlight the enrichment of background UT air in formaldehyde by deep convection as also seen from Figure 3 . In half of the cases, the commonly used twocomponent mixture model gives negative scavenging efficiencies. This implies that the term (Y CONV -Y UT ) in equation (3) is greater than b(Y BL -Y UT ) while it should be, at least, equivalent. Therefore, a source term is missing in the expression of SE that is attributed here to additional entrainment of free troposphere air rather than a formaldehyde secondary production as discussed in section 5.2. The two-component mixture model seems to underestimate CH 2 O scavenging efficiency compared with the new threecomponent mixture model which, therefore, appears more appropriate. As a consequence, for the following discussion, only the SE calculated using the new three-component mixture model is considered. The scavenging efficiency of CH 2 O is highly variable within an order of magnitude among the 4 MCS and a relative uncertainty of 30% (see section 5.2). The SE variability is comparable with the most recent cloud resolving model study by Barth et al. [2007a Barth et al. [ , 2007b .
[41] The SE of formaldehyde depends on chemistry (gaseous and aqueous), dynamics (updraft velocities, turbulent entrainment) and cloud microphysics (ice to water ratios, condensate profiles, degassing during droplet freezing) [Mari et al., 2000; Leriche et al., 2000; Barth et al., 2007a] . The estimated SE values are now discussed with regard to the observed MCS features to provide, at least, a qualitative sense of the consistency of this new experimental model. The SE calculation relies on the assumption of the absence of gas-phase chemistry that was discussed in section 5.2. Consequently, only physical parameters and aqueous chemistry will be discussed as potential causes of the SE variability. In situ data on dynamics, microphysics and aqueous phase are not available. However, other quantitative indicators can be used from other platforms.
[42] A large surface monitoring network including in situ as well as remote sensors was deployed during AMMA at three mesoscale sites (150 Â 150 km). Two of these sites are shown on the satellite images in Figure 4 (the Niamey and Oueme mesoscale sites). The two sites included the following instrumentation: surface rainfall gauges with a fiveminute temporal resolution as part of the AMMA-CATCH program [Lebel et al., 2009] and two C-band Doppler radars, respectively deployed and operated in Niamey, Niger (13.5 N, 2.2 E) by Massachusetts (USA) Institute of Technology (MIT) and Kopargo, Benin (9.8 N, 1.6 E), at the Oueme mesoscale site, by LATMOS [Scialom et al., 2009] , hereafter referred to as MIT and Ronsard radars. Because of the very distant radar locations, dual-Doppler analysis was not possible to derive the fine-scale wind fields. As an alternative, only mean wind profiles could be deduced from each set of single-Doppler observations. In the present study, the volume velocity processing method of Waldteufel and Corbin [1979] is used to obtain the mean horizontal wind components and divergence at successive regular horizontal slices (200 m and 250 m thick for Ronsard and MIT, respectively) and within a horizontal domain (60 km wide for Ronsard and 70 km for MIT) centered on the radar. Ultimately the mean vertical velocity is calculated from the upward integration of the mass continuity equation, assuming a zero vertical velocity at the surface. This vertical wind component is a key parameter as it determines the time period during which CH 2 O is in contact with the liquid phase. The errors on the horizontal components and divergence are about 0.06 m.s À1 and 1.40 Â 10 À5 s
À1
. The error on the vertical velocity increases with height and could reach 0.02 and 0.05 m.s À1 at 5 and 10 km altitude, respectively.
[43] The mass flux M z (kg/s) of air transported vertically through a horizontal rectangular area A per unit time is expressed as [Chong et al., 1987] :
where r z is the air density, W z the vertical velocity over A, at level z. Here, A equals 70 Â 70 km 2 for the MIT radar and 60 Â 60 km 2 for the Ronsard radar.
[44] The corresponding CH 2 O mass flux is expressed as:
where [CH 2 O] z is the in situ mass concentration (kg.m À3 ) of formaldehyde at the reference level z.
[45] The net vertical mass flux F z (kg/s) can be calculated as the differential mass transport between 2 horizontal surfaces A separated by a vertical height Dz:
[46] Positive (negative) values of F z indicate a net vertical convergence (divergence). According to the mass equation conservation, a vertical flux convergence can be interpreted as a horizontal flux divergence. In the following, the calculated quantity -F z will be considered and termed as the horizontal flux convergence (divergence) if positive (negative).
[47] The MCSs of concern are spatially well defined as seen from the satellite images (Figure 4 [48] The MCS passage explains 100% of the precipitation amount ( Figure 5 ). Flight tracks downwind of the MCS, at and around 12 km altitude, were all performed at the end of the precipitation event. Precipitation time series show the great spatial variability of rainfall at the meso-scale. The Y is formaldehyde mixing ratios used for calculation. The italics highlight the results of the new model developed in this work and on which the discussion is based on. The boldfacing corresponds to the results whereas other numbers are the inputs used for calculation. average rainfall depth is 24.7 mm in Niamey and 10.8 mm in Oueme. These equate to respective rainfall rates of 7.0 mm/h and 4.6 mm/h given the duration of each rainfall event.
[49] At all times, the vertical velocity W z and, consequently, the convective mass flux of M CH2O , are positive indicating a general upward mass transport by both MCS (Figure 6 ). From 4 km to 10 km, the Oueme MCS shows the highest average vertical velocity W z , by a factor of 2, despite its greater standard deviation. The mass fluxes of CH 2 O of both MCS are similar below 6 km within the standard deviations; the mass flux of CH 2 O is higher between 6 km and 10 km for the Oueme MCS indicating greater transport efficiency at these levels. In general, -F z is negative above the boundary layer for the Niamey MCS and close to zero or positive for the Oueme MCS. For the former, the negative values of -F z indicates detrainment to the environment; for the latter, the positive values of -F z indicates entrainment of environmental air in the upper part of the cloud highlighting again its greater transport efficiency. By combining the previous information on rainfall rates, vertical profiles of updraft velocities and transport efficiencies (M z and -F z ), it is expected that the MCS on August 6th (high SE) that passed over Niamey is more efficient in scavenging CH 2 O than the MCS on August 15th that passed over Oueme (low SE). Indeed, its associated rainfall rates were about 2 times higher and updraft velocities and mass fluxes 2 times lower. This general feature is consistent with the calculated scavenging efficiency values.
[50] Given the lack of data on aqueous chemistry or condensate profiles, their respective importance on CH 2 O scavenging efficiency remains uncertain but cannot be excluded [Barth et al., 2007a [Barth et al., , 2007b . The MCS of low SE over Oueme developed over a biogenic environment. The aqueous chemistry of formaldehyde could be affected by the different availability of other water soluble VOC precursors. In the tropical forest region of Oueme, higher mixing ratios of isoprene and its oxidation products (methylvinylketone and methacrolein) were observed [Murphy et al., 2010] . On the basis of observations in Amazonia [Karl et al., 2004] and Malaysia [Langford et al., 2010] , the presence of additional oxygenated compounds of biogenic origin can be also expected in the Oueme region. These compounds are generally water soluble and can therefore be incorporated into the water cloud matrix and be oxidized by OH as efficiently as formaldehyde, their k OH in the aqueous phase being in the same order of magnitude (10 8 -10 9 M
.s À1 ) [Monod et al., 2005] . These compounds compete with formaldehyde toward reaction with OH in the aqueous phase. This process ultimately leads to less formaldehyde scavenged that would be consistent with the lower SE value for the Oueme MCS. Besides, several rainwater samples were collected at the Banizoumbou supersite (60 km east of Niamey) during seven convective events in June 2006, during the monsoon onset period in West Africa preceding SOP2-a2. The measured pH varied between 4.7 and 5.5 [Desboeufs et al., 2010] . Within this larger range of pH, one could expect CH 2 O scavenging efficiency to be modulated. However, this range in pH is not expected to explain the order of magnitude of differences in SE between the two MCS of interest and remains within the uncertainty on SE calculation.
Formaldehyde Budget and Photochemistry Downwind of MCS Over West Africa
[51] The objective of this section is to: (1) explore the chemistry of formaldehyde downwind of convection in the tropical UT of West Africa and in particular the sensitivity of formaldehyde to its gaseous precursors and (2) quantify the post-convective production of ozone and HOx radicals by testing whether or not convected formaldehyde over West Africa is a significant source of HOx and ozone in the UT.
[52] Initial mixing ratios for the base run (i.e., convective UT outflow) and background (i.e., non-convective UT air) scenarios are the mean observations collected during AMMA SOP2-a2 by the 2 French and German Falcon 20 aircraft during convective flights when available. In particular, NMHC concentrations are the ones collected on-board the F-F20 during the 4 convective events described in detail by Bechara et al. [2010] . Initial mixing ratios are reported in Table 3 for the different scenarios.
Model Setup 6.1.1. Treatment of Dilution and Model Evaluation
[53] The dilution rate of the convective box with the background box is constrained by CO observations, following the approach by Bertram et al. [2007] . The model is run for several dilution rates from 5% to 120% day À1 . The proper dilution rate is the one for which simulated CO mixing ratios match observed CO mixing ratios. The age of the outflow after convection is estimated to compare the model with observations. This time is defined as the time between the top of the convective cell and the time of the measurement. For rather fresh outflow (<15 h), the MSG-IR satellite images are overlaid with the D-Falcon 20 flight tracks by assuming that the outflow remains in a rather stationary position within the first hours (i.e., the outflow velocity is similar to the velocity of the MCS). For time > 15 h, we use a combined analysis of MSG-IR satellite images and trajectory calculation. The trajectories are calculated backward from starting points set along the D-Falcon-20 flight tracks using the Lagrangian analysis tool LAGRANTO [Wernli and Davies, 1997] . The wind field is retrieved from the operational archive of the ECMWF. The input data have a horizontal resolution of 0.5 Â 0.5 and a vertical resolution of 91 levels. MSG-IR satellite images are overlaid with the back-trajectories and the air mass transport pathway is Figure 6 . Vertical profiles of (top) wind vertical component W z , (middle) differential air mass flux -Fz, and (bottom) CH 2 O median mixing ratios and corresponding CH 2 O mass flux of (Mz) for the Niamey and Oueme MCS scanned by the MIT and Ronsard radar, respectively. For W z and -Fz, the black line is the average and the gray lines are average AE the standard deviation over the six sequences.
followed backward until the first encounter with a MCS as indicated by the satellite imagery. The time between the observation and the encounter of the air masses with a MCS is used to estimate the outflow age. The error in the estimation of the outflow age is 30% [Stohl et al., 1998; Harris et al., 2005] . The outflow age is equivalent to the time since the last convective event. Therefore, observed and simulated mixing ratios of CO and ozone can be plotted as a function of time and compared (Figure 7) .
[54] The proper dilution rate is 120% day À1 , i.e., a dilution timescale of 20 h (Figure 7a) . That is, after 20 h, the convective plume is similar to background air. It is in good agreement with the dilution timescale of 20-30 h determined by McCormack et al. [2000] for marine convection over the Pacific Ocean. However, the dilution rate is much higher than the 5% day À1 estimated by Bertram et al. [2007] for continental convection over northern continental midlatitudes. This elevated value highlights the strong turbulent mixing in the near field of the convection over West Africa. Over the course of 3 days, the convective plume does not remain isolated from the background UT. However, some individual convective plumes may mix at a slower rate as suggested by a few individual flights (i.e., 15th of August). The effect of a lower dilution rate on the chemical evolution of formaldehyde and photooxidant production within the convective plume will therefore be discussed.
[55] The ability of the model to reproduce photochemistry in the convective plume is evaluated by comparing simulated ozone to observed ozone mixing ratios (Figure 7b ). The initial mixing ratio of ozone for the base run (40 ppb) is lower than the one of the background UT (50 ppb). This is explained by the transport of low-ozone-mixing ratio air masses from the boundary layer and free troposphere into the UT [Bechara et al., 2010; Huntrieser et al., 2011] . Both model and observations show an increase in ozone mixing ratios, indicating efficient ozone production downwind of MCS. During the first day after convection, observed and simulated ozone concentrations in the convective air consistently increase at a fast rate of 10 ppb day À1 . From the second day, the simulated ozone production slows down (3 ppb day À1 ) while observations suggest higher values. After 48 h, the ozone reaches its photo-stationary state. Given the few observations available at outflow ages greater than 24 h and their large variability, the model is considered to provide fairly consistent results during the first 48 h after convection. These production rates are in agreement with those obtained from another AMMA modeling study [Andres-Hernandez et al., 2009] but higher than other studies [Miyazaki et al., 2002; Bertram et al., 2007] . These results are also consistent with those of Bertram et al. [2007] as part of INTEX-NA over North America, which showed that low-level air masses transported by deep convection contain less ozone than UT air masses but rapid changes in (Table 3 ). The Only CH 2 O and Only CH 2 O precursors scenarios define the direct injection of formaldehyde without any other VOCs and of all VOC precursors without formaldehyde. The No precursors scenario excludes the direct injection of formaldehyde and other VOC precursors: isoprene (scenario a), isoprene and methane (scenario b) and oxygenated VOC (scenario c). In each scenario, the initial mixing ratios of excluded species are set to zero in the convective UT. These scenarios test the relative importance of directly injected formaldehyde and its precursors in the production of formaldehyde and photooxidants in the UT downwind of convection. The High and Low NOx scenarios test the importance of injected NOx in the formaldehyde and photooxidant production in the UT downwind of convection: the initial NOx mixing ratios in the base run are set to 800 and 200 ppt, respectively. The High and Low VOC scenarios test the importance of injected VOC in the formaldehyde and photooxidant production in the UT downwind of convection. The low-VOC and high-VOC cases correspond to a b value of 0.2 and 0.8, respectively, from uplifted boundary layer.
Formaldehyde Downwind of MCS Over West Africa
[57] Injected formaldehyde is quickly depleted within a few hours (Figure 8a , only CH 2 O scenario). The most important destruction terms of formaldehyde in the UT are its reaction with OH and photolysis. Based on the comparison between the only CH 2 O precursors scenario and the base run scenario, the secondary formation of CH 2 O from injected VOC precursors is the dominant source of formaldehyde in the UT after convection, in agreement with Fried et al. [2008b] who found that $70% of the convectively perturbed UT air originated from CH 2 O precursors. This result also suggests that the SE previously determined (section 5.5) should be seen as a lower limit. Anthropogenic NMHC are the major CH 2 O precursors in the convective outflow plume of West Africa when comparing the different no precursors scenarios with the only CH 2 O precursors one: 80% of secondary CH 2 O is explained by anthropogenic NMHC. Formaldehyde mixing ratios are sensitive to the initial VOC precursor loads during the first day of the simulation. After 30 h, CH 2 O reaches a photo-stationary state. Similarly, the sensitivity of CH 2 O to NOx initial mixing ratios is high during the first day of the simulation when comparing the high NOx scenarios to the base run. This is consistent with previous studies in the UT [Stickler et al., 2006; Fried et al., 2008a Fried et al., , 2008b but CH 2 O was still affected by NOx after one week in Fried et al. [2008b] . In particular, the enhanced NO due to lightning increases the reaction of methylperoxy radicals (CH 3 O 2 ), and more generally RO 2 radicals, in forming CH 2 O.
[58] The evolution of simulated CH 2 O is compared to observed CH 2 O from the D-Falcon 20 flights in Figure 8b . The evolution of observed and simulated CH 2 O is consistent by showing a decrease of formaldehyde mixing ratios over time. Depletion processes (photolysis and OH-oxidation) dominate the fate of formaldehyde downwind of MCS over West Africa as already seen by Fried et al. [2008b] in the continental UT over North America. This outcome is consistent with the low sensitivity observed for CH 2 O to the value of the dilution rate (not shown here). However, after 20 h, the observed CH 2 O mixing ratios are 3 to 4 times higher than the simulated ones suggesting that the CH 2 O depletion rate in the outflow is much lower than suggested by the model. These discrepancies imply one or a combination of the following hypothesis: (1) additional unknown source of CH 2 O hydrocarbon precursors and higher NO, (2) modeled CH 2 O sink terms that are too fast compared with reality. Regarding the first potential cause, the highNOx scenario does reduce the gap between the model and observations (Figure 8b) . A NO-dependent discrepancy between modeled/observed CH 2 O and HO 2 in the continental UT (10-12 km) during INTEX-NA was depicted by Fried et al. [2008b] , However, the maximum mixing ratios of NO observed during AMMA hardly exceeded 1.5 ppb [Huntrieser et al., 2011] and are not expected to fully explain a difference of a factor 3-4. The second potential cause can be seen as a source of uncertainty as the model only considers the gas phase chemistry in cloud-free conditions and uses modeled photolysis rates. Therefore, the enhancement or reduction in the radiation field due to cloud impacts is not accounted in the model. In particular, it was estimated in section 5.2 that the lifetime of formaldehyde with respect to photolysis is increased to 8 h within the cloud (versus 1.5 h in cloud-free conditions). Therefore, the intensity of the solar radiation in the model can be seen as a major cause of discrepancy between observed and simulated formaldehyde.
[59] Finally, as seen from Figures 8c and 8d , ozone production as well as HOx production in the convective UT is not sensitive to formaldehyde that is directly injected by convection when comparing the base run with the only CH 2 O precursors run.
Photooxidant Production Downwind of MCS Over West Africa
[60] The ozone concentrations vary with initial NOx levels ( Figure 9a ) which characterizes a NOx-limited regime. The higher the NOx levels are, the higher the ozone levels are and the faster the ozone production is, especially during the first 20 h of the simulation. After one day, ozone reaches its photo-stationary state. Conversely, ozone production is not sensitive to the VOC initial loads (Figure 9b) . Finally, the chemistry of the convective plume in term of ozone production is only efficient during the first 20 h after convection given the high dilution rate.
[61] The effect of a lower dilution rate on the ozone production is shown in Figure 9c and 9d. At a low dilution rate (5%), the ozone production is maintained over the course of 3 days and varies widely with NOx levels as seen from the base run and high-NOx scenario in Figure 9c . While ozone production is NOx-limited in convective UT, the initial VOC loads also modulate its production after one day (Figure 9c) . Surprisingly, the low-VOC ozone is higher than the high-VOC ozone at the end of the simulation (+11%). In the low-VOC scenario, the ozone production rate is three times higher than in the high VOC scenario. The temporal evolution of NOy species for low-VOC and high-VOC scenarios is reported in Figure 9d . The simulation shows that the increase of the initial VOC loads leads to a higher production of nitrogen-containing organic species (organic nitrates and PAN like compounds). This enhanced production of these nitrogen reservoirs reduces the amount of NOx available. With ozone production being NOx-limited in the UT, increasing the amount of VOC injected ultimately leads to a decrease in ozone production rate.
[62] From these simulations, it appears that the dilution rate controls the importance of ozone production downwind of MCS. At high dilution rate (from 75% day À1 ), the downwind production of ozone is inefficient. However, at lower dilution rate, ozone production is then sensitive to its gaseous precursors. While the ozone production is NOxlimited, it is also critical to accurately estimate the amount of VOC precursors injected into the UT and especially the highly reactive isoprene, which is expected to be important over forested tropical regions. Indeed, the recent study by Emmerson and Evans [2009] has shown that the impact of isoprene on the production of O 3 can vary enormously depending on the treatment of the isoprene nitrates in the chemical scheme, in particular whether they act as a sink for NOx or recycle it.
Conclusion
[63] A unique comprehensive and consistent data set of formaldehyde mixing ratios was constructed to examine the impact of tropical continental deep convection on formaldehyde over West Africa. In particular, the multiple aircraft strategy deployed during the AMMA experiment in summer 2006 provided a 3-D-spatially resolved formaldehyde data set in various conditions including the boundary, free and upper troposphere layers in background and convective conditions.
[64] A new three-component mixture model based on formaldehyde and other trace gases observations (CO and VOC) was developed to estimate the scavenging efficiency of formaldehyde by deep convection. This new model showed that the fraction of free tropospheric air from midlevels in the fresh convective outflow is close to 50% and cannot be neglected in the calculation of the scavenging efficiency. As a consequence, the commonly used two component mixture model, which only takes into account the contribution of the boundary layer air, is not appropriate. This result is also helpful for the setup of future aircraft campaigns exploring the impact of deep convection on the chemical composition of the upper troposphere. Indeed, information on the free troposphere composition is another key observational constraint to estimate the impact of deep convection on the redistribution of reactive species.
[65] During convective transport, the photochemical production of formaldehyde by its uplifted VOC precursors could be significant while its photochemical depletion is small. This secondary production counterbalances its loss uptake into the cloud matrix represented by the scavenging efficiency term (SE), and hence our SE determinations may be lower limits. The scavenging efficiency of formaldehyde by the convective cloud is highly variable within an order of magnitude among the studied MCS (4% to 40%). The variability of the SE could be, at least, explained by the differences between MCS features: rainfall depth, vertical wind velocity and mass fluxes that were derived from the rainfall gauges and Doppler radar networks at the ground.
[66] A 0-D time dependent photochemical box model was applied to convective UT air. The dilution rate of the convective air was estimated to be high downwind of MCS developing over West Africa with a characteristic mixing time of 20 h. After convection, most of the formaldehyde in the UT is photochemically produced by its anthropogenic VOC precursors that are uplifted from the boundary and intermediate layers, in agreement with Fried et al. [2008b] . Then, formaldehyde is depleted, as also seen from the observations. Finally, formaldehyde directly injected by convection does not impact ozone and HOx production in the tropical UT of West Africa. While the production of ozone in post-convective UT is NOx-sensitive, the dilution rate and, as a consequence, the amount of injected VOCs, also modulate the ozone production through the conversion of NOx into PAN and other organic nitrates. Previous modeling studies have shown that the impact of isoprene on ozone in the UT is highly variable depending on the treatment of the isoprene nitrates in the chemical scheme. Therefore, it is important to put efforts into the quantification of isoprene and other organic nitrates transported by deep convection in future studies that will address the impact of deep convection on UT chemistry. In particular, this will be of great importance over forested tropical regions. This will help in a better understanding of the isoprene chemistry as well as the role of organic nitrates in transporting reactive nitrogen far from their source region.
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